This paper reports on the deposition of pure and 5 at.% Al doped ZnO (AZO) prepared by sol-gel and applied to the substrates by spin-coating, and the role of annealing temperature on the crystallinity of these layers. It is found that both ZnO and AZO are largely amorphous when coated on glass compared to n-Si(111), as substrates. On both substrates, X-ray diffraction (XRD) shows that the crystallinity improves as annealing temperature is raised from 200 to 600 °C with better crystallinity on Si substrates. The thickness of the films on substrates was determined as 120 nm by Rutherford backscattering spectroscopy (RBS). Specular ultra-violet visible (UV-vis) gives the direct transition optical band gaps (Eg) for AZO as-deposited films are 2.60 and 3.35 eV while that of 600 °C annealed films are 3.00 and 3.60 eV. The Eg calculated from diffuse reflectance spectroscopy (DRS) UV-vis are more diverse in ZnO-and AZO-Si than the ZnO-and AZO-glass samples, although in both sets the Eg tend to converge after annealing 600 °C. The Raman spectra of samples show multiphonon processes of higher order from the AZO and substrates. It is found that residual stresses are related to E2 Raman mode.
Introduction
Transparent conductive oxides (TCO) films are extensively used in optoelectronic devices such as organic light emitting diodes (OLED), liquid crystals display (LCD) and solar cells [1] [2] [3] [4] . Thus far, indium tin oxide (ITO) film has been the preferred choice for TCO materials [5] , because of its high stability and low resistivity. However, ITO has become a rare commodity because the supply of indium is rapidly diminishing from nature, thus making it very expensive.
ZnO has recently been developed as an ideal alternative material for ITO due to its low cost, easy synthesis and growth, and wide availability. Research reveals that Al, B, Ga, Mn, Co and F doped ZnO films show low resistivity and high transmittance [5] [6] [7] [8] [9] . In addition, to obtain high quality ZnO films, a variety of growth techniques may be used such as molecular beam epitaxy (MBE), pulse laser deposition (PLD), RF magnetron sputtering, reactive DC sputtering and sol-gel. Based on the previous literature, Al seems to be a successful and promising doping element for ZnO [8, [10] [11] [12] . Al can be substitutionally incorporated at the Zn lattice site in the ZnO structure, denoted as AZO [13] , to fabricate Al doped ZnO film with high temperature stability and good immunity against hydrogen plasma reduction [14- 2 
16].
Hong et al. reported that AZO does not degrade the active solar cell material by the interdiffusion of constituents as it occurs for ITO films [7] . However, optoelectronic devices require thermal treatments during fabrication. Therefore, the TCOs must maintain their properties throughout such high temperature processes. Thus, the study of the effects of thermal treatment on the structural and optical properties of TCOs demands high consideration for optoelectronic applications of these films. In this work, we report on the preparation of sol-gel ZnO and AZO thin films as-deposited and annealed at 600 °C with the Al concentration of 0 and 5 at.%, respectively, as well as the role played by glass and Si substrates. The structural and optical properties of the films were investigated using X-ray diffraction (XRD), specular and diffuse reflectance spectroscopy (DRS) ultra-violet visible (UV-vis), Rutherford backscattering spectrometry (RBS), and Raman spectroscopy.
Materials and Experimental Techniques
Undoped ZnO nanoparticles were synthesized using appropriate quantities of aqueous zinc acetate dehydrate, 2-methoxyethanol and ethanolamine by sol-gel method. A calculated quantity of aluminium nitrate nonahydrate was added to the sol-gel preparation to obtain 5 at.% of Al in ZnO. The reaction solutions were maintained at 70 °C for 2 hr while being stirred continuously. Glass and crystalline Si substrates were all degreased by consecutive sonication for 5 min in trichloroethylene, 2-propanol and methanol [1] . The glass substrates were finally rinsed with de-ionised (DI) water before blow-drying them with nitrogen (N2) gas. The n-Si(111) substrates were rinsed with de-ionised (DI) water, etched with 40% hydrofluoric acid (HF) and then rinsed again in DI water after which they were blow-dried with N2 gas. Thin films of 5 layers were then deposited by spin-coating at 3000 rpm for a minute on both glass and n-Si(111) the day after sol-gel preparation and films were preheated at 200 °C for 2 min between layers. Post-annealing was done at 200 and 600 °C for 1 hr, respectively, in a flowing nitrogen:oxygen mix ((N2:O2) 2:1 ratio).
XRD measurements were carried out using a PANalytical X'Pert Pro powder diffractometer in theta/theta configuration with an X'Celerator detector and variable divergence, and fixed receiving slits with Fe filtered Co Kα1 radiation (wavelength, λ=1.789 Å). The phases were identified using X'Pert Highscore plus software. Additional XRD measurements were conducted using Rigaku smartLab XRD instrument operated in out-ofplane mode, with Cu Kα1 radiation wavelength of 1.54 Å, in theta/2-theta configuration with a Sc-70 detector. The voltage was 45 kV, current 200 mA and the scan speed was 2 deg/min. RBS measurements were carried out using a collimated He + beam. The incident energy of He + beam on the samples was 1.6 MeV. The backscattered particles were collected using a surface barrier detector placed at 165° with a target current of ~15 nA and charge of ~ 8 μC. Spectral UV-vis measurements were performed using the Cary 100 Bio UV-visible spectrophotometer. DRS UV-vis measurements were conducted using a Cary 400 UV-visible spectrophotometer. Micro-Raman spectroscopy was performed using a T64000 Raman spectrograph (Horiba Jobin Yvon, France). A 514.6 nm laser line from a mixed gas KryptonArgon laser (Coherent) was used as excitation source. The power of the laser at the sample 3 was 10 mW using 32.0 A operating the laser at 150 mW in order to minimize localized heating of the sample. An LD 50× objective fixed to an Olympus microscope was used to obtain spectra under two acquisitions of 250 s with a spectral resolution of ~ 2 cm -1 . Figures 1 and 2 show ZnO on n-Si(111) and glass substrates, respectively. The spectra in Figure 1 indicates that the Si(111) peak at 33.00° has a high intensity and further goniometer out-of-plane XRD measurements on the sample could damage both the Rigaku instrument and X'Celerator detector. Hence, only the ZnO as-deposited on n-Si(111) sample was analysed and shows a prominent peak at 41.00° indexed as (002) reflection. In Figure 2 , the ZnO as-deposited on glass shows a broad peak from 17.00° to 30.00° which is characteristic of the glass substrate. Figure 2 (b) presents peaks at 38.00°, 41.50° and 43.00° for the ZnO annealed at 600 °C indexed as (100), (002) and (110) reflections, respectively, using the ICSD card number 164690. The ZnO as-deposited on glass and Si substrates spectra both show an unknown peaks at 52.50°.
Results and discussion

X-Ray Diffraction (XRD)
Figure 1:
Rigaku smartLab XRD instrument pattern for ZnO on n-Si(111) using copper (Cu) Kα1 radiation source for as-deposited films. Spectra were changed to cobalt (Co) Kα1 radiation using the Highscore plus software. The insert shows high intensity counts for the as-deposited films on Si sample due to single crystalline material which could damage an XRD instrument's detector. The unlabelled peaks are unknown.
Figure 2:
XRD patterns of ZnO on glass using copper (Cu) Kα1 radiation source for (a) as-deposited films and (b) 1 hr annealed at 600 °C films. Rigaku smartLab XRD instrument's spectra were changed to cobalt (Co) Kα1 radiation using the Highscore plus software. The peak at 52° on the as-deposited spectra is unknown.
For the AZO on n-Si(111) substrate, diffraction peaks at 30.00° and 33.00° were observed as illustrated in Figure 3 . Using the inorganic crystal structure database (ICSD) card number 34927, the peak at 33.00° is assigned to the (111) reflections of Si while the peak at 30.00°is an artifact. As-deposited and annealed at 200 °C for 1 hr AZO films on Si show a very low intensity peak at 39.00° reflection emanating from the Si substrate and not the AZO material. 
where  is the full-width at half-maximum (FWHM) of the peak,  is the wavelength and theta  is the Bragg angle. As the annealing temperature of the material increases, the crystallinity of the film increases and the (002) peak dominates and the Si peaks become weaker. For glass substrates, Figure 4 shows 3 peaks (010), (002) and (011) at 38.00°, 40.20° and 42.00° after annealing at 600 °C. The prominent peak of the AZO films was indexed as (002) reflection at 40.20° which gives 19.00 nm as crystallite.
The determined crystallite sizes are similar to those obtained by Muiva et al. who used same method of sample preparation [17] . For the (002) reflection, using
for the hexagonal structure [18] , the a and c lattice parameter values for AZO were calculated as 0.300 and 0.519 nm for n-Si (111) 
where h, k and l are Miller indices denoting the structure's plane [17, 20] . The d values for AZO films were determined as 0.260 nm for n-Si(111) and 0.261 nm for glass substrates. Using the (002) reflection, the d value for single crystal ZnO is 0.260 nm [20] .
Rutherford backscattering spectroscopy (RBS)
RBS was used to calculate the thicknesses of the ZnO and AZO thin films deposited on Si substrates using RUMP code [21] on raw RBS spectra data. The RBS spectra of the asdeposited ZnO on n-Si(111) (i.e., ZnO-Si as-deposited in Figure 5(a) ) and annealed at 600 °C aluminium doped ZnO on n-Si(111) (i.e., Al-ZnO-Si 600 °C annealed in Figure 5 After annealing the Al-ZnO-Si sample at 600 °C, an interfacial layer of about 40 nm was detected between the Si substrate and AZO films. This layer consisted of a mixture of Zn, O and Si with compositions of 10, 80 and 10 at.% respectively. The initial layer of 80 nm consisted of Zn and O in 46 and 54 at.% respectively which indicated an almost 1:1 stoichiometry. The composition of the top layer had not changed compared to the asdeposited sample. The 5 at.% Al in the AZO films on Si substrate sample was not detected by RBS. This could be due to the obscuring of Al by the Si peak. The obtained 120 nm thickness for the films on Si substrate was used for both DRS and specular UV-vis data analysesupon extending it to ZnO as well as AZO films on glass samples.
Ultra-violet Visible (UV-vis)
Specular/Transmission
In order to elucidate optical band gaps we employ the well-known Tauc equation [17] given as
where α is the absorption coefficient, h is the Planck's constant, Eg is the optical band gap of the material in the thin film, ν is the frequency and n = 2 for direct band gap material. The α is related to transmittance (T) as follows:
where t is the thickness of the thin film. The thickness of the ZnO and AZO thin films on n-Si(111) substrates determined by RBS was used to calculate the absorption coefficient for glass substrates' films. The Eg for undoped ZnO as-deposited on glass films was determined as 3.25 eV whereas the Eg values of the 5 at.% Al-ZnO as-deposited on glass films were determined as 2.60 and 3.35 eV as shown in Figure 6 (a). The 2.60 eV Eg is attributed to the defects that exist in the band gap of ZnO. For the ZnO on glass 600 °C annealed films, the Eg value was determined as 3.25 eV as shown in Figure 6 (b). The AZO on glass 600 °C annealed films Eg values are 3.00 and 3.60 eV (seen Figure 6(b) ). The 3.60 eV Eg is very high compared to the standard ZnO Eg 3.37 eV ZnO [22, 23] . The Eg values of AZO films on glass substrates are comparable to those determined with DRS UV-vis measurements shown in figures 7(a) and 7(b). Govender et al. showed that a high transparency material, i.e., tungsten trioxide, in the spectral region with two varying thicknesses of a 750 nm difference gives Eg values that are only 0.05 eV different [24] . Therefore, the closeness in Eg values of AZO on glass obtained by specular and DRS UV-vis leads to a conclusion that the RBS measured AZO on n-Si(111) thickness can be extended to the experimental AZO films on glass substrates since the sample preparation procedure was same. Table 1 illustrates the Eg values of ZnO and AZO of this study. 
Diffuse Reflectance Spectroscopy (DRS)
AZO films on glass and n-Si(111) substrates, respectively, were characterised using DRS UV-vis by applying the Kulbeka-Munk function. The reflectance data obtained can be used to acquire information on the proportion of incident photons that are absorbed, and hence the optical band gap energy of the material in the sample. The Kubelka-Munk equation [21, 25, 26] relates the reflectance to absorption coefficient and is given as
where α is the absorption coefficient, S is the scattering coefficient and R is the reflectance. Diffuse reflectance signal, Rd, which is essentially R of a layer that is thick enough to completely mask the substrate relates to absorbance A as ) log( d R A   [21, 26] . Combining equations 4 and 5, one can get
The scattering coefficient, S, can be wavelength dependent. However it is known that for particle size greater than 5 m, S can be wavelength independent [13] . We also assumed that S is wavelength independent since the beam size impinges on larger than 1 mm in the far field. Consequently, the detector in the DRS UV-vis observes a wavelength independent scattering from the nano-structured surface.
The Eg values for 5% Al-ZnO on glass films were determined for the as-deposited and annealed at 600 °C films. In Figure 7 (a) the as-deposited AZO on glass Eg is 3.03 eV. For the same AZO composition deposited on n-Si(111), an Eg value of 3.34 eV for the as-deposited film was obtained. For the films annealed at 600 °C on glass and Si substrates, the Eg values were determined as 3.19 and 3.22 eV, respectively, presented in Figure 7 (b). Clearly, the mean value of Eg AZO is slightly less than 3.37 eV obtained for pure ZnO [22, 23] . Table 1 shows the determined Eg values.
Raman spectroscopy
The space group of Al doped ZnO is similar to that of bulk crystalline ZnO. The space group of bulk wurtzite ZnO (w-ZnO) is C 4 6V (P63mc). There are 12 phonons, three acoustic (LA + 2TA) and nine optical (LO, TO) modes [2, 27] .
The six Raman active first order modes for the undoped ZnO, in cm -1 , are: A1(TO) = 381, A1(LO) = 574, E1(TO) = 407, E1(LO) = 583, E2(low) = 101 and E2(high) = 437. The silent modes have Raman shift B'1 = 260 cm -1 and B'2 = 540 cm -1 . Selection rules and momentum conservation of the phonon modes determine the symmetry of phonons in a crystal [28] . Figure 8 shows the as-deposited undoped ZnO and AZO films on both glass and Si substrates. The ZnO and AZO on n-Si(111) as-deposited spectra are similar due to the substrate. However, the ZnO and AZO on glass as-deposited spectra are different in that 989 cm -1 peak in Figure 8 (b) is not as prominent in Figure 8(d) . Also, in the AZO on glass as deposited spectra, the 383 cm -1 peak is present with the undoped 437 cm -1 peak shifting to 440 cm -1 . In Figure 9 , the films annealed at 600 °C are shown. Doping introduces defects, strains and stresses that may lower the symmetry of a crystal or allow modes that are forbidden by symmetry to be observed. Figures 9(b) and 9(d) show the AZO films data deconvolution (by applying Lorentzian multiple peak fit) using Origin Lab Software giving Raman bands [29] . Figure 9 (b) shows the Raman peaks at 407, 440, 576 and 976 cm -1 for undoped ZnO on glass. The spectra show multiphonon peaks and is modulated by broader phonon peaks of armophous glass structure, centred around 788 and 1096 cm -1 . The 575 cm -1 peak is assigned to A1(LO) phonon of ZnO zone center (Г-point) [9] . Thus, the additional overtone and combination modes which originate from ZnO are 2E2 = 2×101 cm -1 = 202 cm -1 , A1(LO)+E1(LO) = 1149 cm -1 , 434 cm -1 (101+334) cm -1 , 668 cm -1 (2×334 cm -1 ). The 334 cm -1 mode has been observed by many authors [9, 30, 31] but its origin is still under discussion although it clearly follows the A1(TO) mode [32] .
As in the as-deposited ZnO and AZO films on Si substrate case, the annealed at 600 °C ZnO and AZO films on Si do not show deviations from each other (see figures 9(a) and 9(c)). However, the annealed at 600 °C ZnO and AZO films on glass substrates results are different. Also, when the ZnO films on glass are annealed, a new peak at 407 cm -1 appears in comparison to spectra in Figure 8 (b). Figure 9(d) shows that the annealing at 600 °C of AZO on glass films causes material to have a peak at 418 cm -1 in contrast to the two peaks in the as-deposited AZO films on glass in Figure 8(d) .
In figures 8(a), 8(c), 9(a) and 9(c), the broad peak starting at 1050 cm -1 with a peak at 1085 cm -1 (~2×542 cm -1 at M-point) can be assigned as B2 (high) forbidden which is intrinsic to impurity in the growth of crystal ZnO [33, 34] . The peak observed at 651 -656 cm -1 is related to Al doping [2, 4] . The much higher frequency 1455 cm -1 originates from the combination ~A1(LO)+E1(TO)+E2(high).
In AZO as-deposited (Figure 8(d) ) and annealed at 600 °C (Figure 9(d) ) films on glass substrates, we observe additional peaks from the fundamental mode frequencies, i.e., the first-order Raman modes [9, 33] . Similarly, for AZO on n-Si(111) substrates after annealing at 600°C, as shown in Figure  8( The AZO broader peaks emanate from low crystallinity and mismatch of ZnO on Si(111) at 16,6% [35] .
Yahia et al. reported that the E2 vibration mode at 440 cm -1 is characteristic of the wurtzite phase of ZnO and that stress induced in the wurtzite crystals affects the E2 phonon frequency [36] . The E2(high) mode is blue shifted in AZO to 440 cm -1 (Figure 8(b) ) and used as a measure of residual stress [2, 36] . In the AZO on Si substrate, we observe E2(high) 433 cm -1 which indicates residual stress in ZnO films probably due to the n-Si(111) substrate [36] . 
Conclusion
The properties of sol-gel prepared ZnO and 5 at.% Al doped ZnO thin films on glass and Si substrates, respectively, were investigated using XRD, RBS, DRS and specular UV-vis, and Raman. Films deposited on glass provided the characteristic properties of the prepared ZnO and AZO materials. The ZnO and AZO films deposited on n-Si(111) substrates present effects that result due to the interface between the prepared materials and Si. For all XRD measurements, the (002) is the most preferred orientation of the films on both substrates although peaks for (010), (011) and (110) orientations were also observed in the XRD pattern for glass substrates samples. XRD of AZO thin films shows a decrease in the value of lattice parameter a compared to that of pure ZnO indicating that Al is in a substitutional position as opposed to interstitial. The thickness of ZnO and AZO films on glass and Si substrates were determined to be 120 nm using RBS. The determined average Eg results for ZnO and AZO on glass substrates indicate that values generally become higher after thermal treatment at 600 °C. From both DRS and specular UV-vis, the direct transition Eg values were found to be approximately 3.37 eV for a pure ZnO crystal. These values are consistent with the trend of reducing Eg value as the concentration of Al increases from 0 to 5 at.% in the AlxZn1-xO polycrystalline material configuration. The Raman spectra have shown shifts in the E2 frequency which indicates residual stresses in the ZnO films probably due to mismatch between Si substrate and ZnO/AZO films [9] . Yahia et al. indicated that glass has peaks at 790 and 1072 cm -1 as well as ZnO bulk at 578 and 1150 cm -1 [36] . Raman modes close to these have been observed. The peaks are broad indicating low crystallinity. Raman spectra reveal multiphonon processes of the thin films on glass and Si substrates. A symmetry assignment of first order Raman modes of Al-ZnO on glass and n-Si(111) was discussed. 
